A survey was conducted on the accumulation and spatial distribution of PAHs in surface soils under different land use patterns in a valley in the Yangtze Delta region with an area of 10 km 2 containing 15 small copper-and zinc-smelting furnaces. Sixty-five topsoil (0-20 cm) samples were collected and 16 PAHs were determined. The average amount of all the 16 PAHs ranged from 0 to 530 lg kg )1 (oven dry basis), with a mean concentration of 33.2 lg kg )1 . Benzo[a]pyrene and indeno[1, 2, 3, -cd]pyrene were the two main PAHs present at high concentrations, while pyrene and fluorene had very low concentrations. PAH concentrations were higher in uncultivated than in cultivated soils, and areas of woods and shrubbery had the lowest soil PAH contents. The average PAH-homologue concentrations ranked as follows: 5-rings > > 3-rings, 4-rings > 6-rings > 2-rings. Much higher concentrations of PAHs were found in the southern part of the sampling area, perhaps due to deposition of airborne particles by the southeasterly winds in winter and spring. We conclude that the small smelting furnaces were the dominant source of PAHs that accumulated in the soils and the southeasterly winds led to the spatial distribution of PAHs in the topsoils. Land vegetation cover and soil utilization patterns also affected the accumulation and distribution of soil PAHs.
Introduction
Natural sources of xenogenetic PAHs include biosynthesis activity and natural fires, but anthropogenic combustion activities are a major source of PAHs in the soils of industrialized countries via atmospheric deposition (Wilson & Jones 1993) . Numerous studies on agricultural (Maliszewska-Kordybach 1996; Manz et al. 2001) and forest soils (Matzner 1984; Aamot et al. 1996; Wenzel et al. 2002) have concluded that anthropogenic PAHs predominate in temperate and tropical regions (Wilcke et al. 1999) . Anthropogenic PAHs are emitted from most combustion sources such as industrial manufacturing, vehicle emissions, and waste incineration (Bjørweth & Ramdahl 1985a) .
Dry or wet atmospheric deposition is the main input of semi-volatile organic compounds to soils (Tremolada et al. 1996) . PAHs containing two to seven aromatic rings are associated with soots in the flue gases from combustion, incineration, and other high-temperature processes. Most anthropogenic PAHs are produced from high-temperature industrial activities, and can be found in the air, water, sediments, and soils and may eventually reach humans through the food chain or by inhalation. About 17% and 54% of the total PAH emissions have been estimated to be from aluminum smelting processes in the USA and Norway, respectively (Bjørweth & Ramdahl 1985b) . PAHs are rarely encountered alone in the environment and many interactions occur within a mixture of PAHs whereby the potency of known genotoxic and carcinogenic PAHs can be enhanced (Kaiser 1997) .
China is in the early stages of industrialization and the Yangtze River Delta in Southeast China is the most rapidly developing area (Zhao & Luo 2000) . Many privately owned and so-called township enterprises have been established over the last 20 years in rural locations, specializing in metal smelting, production of construction materials, and paper manufacture. Many of these small enterprises operate inefficiently and emit large amounts of gaseous, liquid and solid wastes to the environment (Zhao & Dong 1996; Zhao & Luo 2000) .
There have been no published studies of organic pollutants such as PCBs and PAHs in the Yangtze Delta region. The objectives of the present study were to obtain detailed information on the spatial distribution of soil PAHs in a typical area where smelting furnaces are the main source of airborne particles and to investigate the relationship between current soil PAHs levels and land use patterns in an attempt to identify the main factors affecting soil PAH accumulation and distribution.
Materials and methods

The sampling area
The climate of the Yangtze Delta is subtropical, with annual average rainfall of 1442 mm and air temperature of 16.1°C. The soils are Stagnic Anthrosols and Agri-Udic Ferrosols. The sampling area was a valley surrounded by low hills and with most of the land used for cultivation of crops. Soil on the slopes of the hills were mainly uncultivated and were covered by low trees and shrubs. The categories of land use pattern were therefore cultivated drylands, paddy fields, wastelands, woods and shrubbery, and 'other,' i.e. land of which the utilization pattern could not be judged. There were 15 copper-and zinc-smelting furnaces in the area.
Sample collection and storage
A total of 65 samples were collected from the area in July 2003. Most samples were taken from the flat area in the valley, and the remainder were taken from the neighboring slopes of the surrounding hills. The sampling sites were evenly distributed in the valley. Soil samples were collected from the surface layer (0-20 cm), airdried indoors, homogenized, passed through a 2-mm sieve and stored in plastic bottles.
Reagents and glassware
Acetonitrile and cyclohexane were HPLC grade (Tedia Company, USA). All other solvents and chemicals were high purity analytical grade and the solvents were distilled before use. Glassware was cleaned and washed first with detergent, running water and deionized water, heated to dryness, and washed with methanol before use.
Extraction of soil PAHs
Soil PAHs were extracted with dichloromethane (5 g dry soil with 20 mL dichloromethane) with ultrasound for 2 h below 40°C, and centrifuged, and 5 mL of the supernatant solution was evaporated. The remainder was then dissolved with 2 mL of cyclohexane, and 0.5 mL of the solution was added to a silica gel column and eluted with a mixture of n-hexane/dichloromethane (1:1 v/v). Two milliliter of the eluent was collected after the first 1 mL was discarded. The 2 mL solution was blown dry with nitrogen and dissolved in acetonitrile. This method gave a recovery of 80-96%.
Analysis of PAHs
Quantitative analysis of the soil extracts was performed by gas chromatography. Concentrations were determined for 16 PAHs in all samples, namely Naphthalene (Nap), Acenaphthylene (AcPy), Ace-
The analysis was conducted using an Agilent 6890 GC equipped with a flame ionization detector (FID) (Agilent Technology). The GC had an autosampler. A 30 m Â 0.25 mm i.d. Â 0.25 lm film thickness HP-5 capillary column (Agilent Technology) was used. The GC temperature was programmed from an initial 80°C for 1 min, 25°C min )1 ramp to 160°C, and 3°C min )1 ramp to 300°C which was held for 2 min. Nitrogen was used as the carrier gas with a flow rate of 1.6 mL min )1 at a pressure of 8.51 psi. A 2.0-lL aliquot of the extract was injected while the injector port was held at 280°C and operated in splitless mode at a flow rate of 1.0 mL min )1 . Table 1 shows the limit of detection of the chosen method.
Results
PAHs
The lowest concentrations of the 16 individual PAHs in all soil samples were all 0 lg kg )1 soil. Among all the 16 PAHs, average soil concentrations of Nap, Acp, Flu, FL, Pyr, CHR, DBA and BghiP were less than 1 lg kg )1 soil and those of BaA, BbF, BkF, BaP and IND were greater than 2 lg kg )1 soil. Soil concentrations of most PAHs showed great variation with CV greater than 200%, except AcPy, Flu, BaA and BaP (Table 2) .
Total concentrations of PAHs in individual samples ranged from 0 to 530 lg kg )1 , with an average concentration of 33.0 ± 64.0 lg kg )1 . More than 90% of the samples had a total PAH concentration of >10 lg kg )1 (Figure 1) .
Among all the PAH homologues, 5-ring PAHs had the highest average concentration in soils, and their deviation among all the samples was also the smallest. Two-ring PAHs (Nap) had the lowest average concentrations, followed by 6-ring, and concentrations of 3-and 4-ring homologues were similar. Five-ring PAHs amounted to 62.9% of the total PAHs in soil.
Soil PAHs and land use patterns
There was obvious difference in average soil PAH concentrations among the different land use categories. Uncultivated wasteland had the highest concentrations of 9 PAHs (AcPy, Acp, PA, Ant, FL, Pyr, CHR, BaP and IND), PAHs in soil under woods and shrubs was lowest or one of the lowest for 13 PAHs except FL, Ant and PA. DBA and BhgiP were found only in paddy fields and woods and shrubbery soils while, on the other hand, Pry and CHR occurred only in dry land and wasteland soils (Figure 2) . The uncultivated wasteland soil had the highest concentrations of 3-, 4-and 5-ring PAHs among all the land use categories (Figure 3 ).
Concentrations of soil PAHs in different parts of the sampling area
The sampling area was divided into southern and northern parts at latitude 29°56¢21¢¢ N, with 35 of the sampling sites lying in the southern part and 30 in the northern part. Figure 4 shows the averages of different PAH concentrations in these two parts. All 16 PAHs had higher concentrations in the southern part of the area. Figure 5 shows the average concentrations of the 16 PAHs in the eastern and western parts of the sampling area (divided at longitude 119°55¢16¢¢ E). A total of 28 of the 65 sampling sites were in the eastern part and the other 37 in the western part. Ten of the 16 PAHs had higher concentrations in the western part.
Effects of furnaces and road transport on accumulation of PAHs in soil
Sampling sites were divided into three groups according to their distances from furnaces, and more PAHs accumulated in samples collected <250 m from the furnaces ( Figure 6 ). When sampling sites less than 250 m from the road were included in the first group (<250 m), the trend became less obvious.
Discussion
The smelting furnaces in the valley are the principal source of PAHs in the study area. Although there are two roads in the valley, they are both (Benner et al. 1989) , perhaps because the atmospheric emissions from industrial chimneys were cleaner and the road traffic was heavier compared with the present study.
There is considerable summer and autumn rainfall in the valley with little wind (except typhoons). Thus during these two seasons, wind plays less important role in the dispersion of soot particles from the furnaces. The prevailing southerly wind in winter and spring carries more PAHs to the southern part of the valley. spatial distribution of pahs 93
More PAHs were found in the western part of the valley. One possible explanation is that the valley lies in a south-north direction, and this makes the north-south wind more important, with more PAH-laden particles transported to the southern part. Another factor is the larger number of furnaces in the western part (eight compared with seven in the east).
Judging from Figure 6 , many more particles precipitated within less than 250 m of the furnaces, with smaller differences in most PAHs being found between sites 250-500 m and >500 m from the furnaces.
Five-ring compounds were the dominant PAHs in the sampling area. Less 6-and 2-ring PAHs were detected in the area. The persistence of PAHs is strongly affected by the number of rings, with PAHs with more rings more difficult to degrade (Cerniglia 1992) , evaporate or be absorbed by plants. This is reflected by the increasing concentrations of 2-, 3-, 4-and 5-ring PAHs. The soil quality criteria of BaP and total PAHs in Denmark are 0.1 and 5 mg kg )1 dry weight, respectively (Samsoe-Petersen et al. 2002) . Based on these criteria, the total PAHs and BaP concentration of all the 65 samples were below the standard. Stalikas et al. (1997) investigated the concentration of PAHs in soil near a lignite-fired power plant in Greece and found enriched PAHs concentrations in soil and attributed this to lignite combustion, but the PAHs were still under the critical values for agricultural cultivation.
PAHs in soil in the industrialized area are still in the safe range. However, soot from the smelting furnaces may contain total PAHs as high as over 30 g kg )1 dry weight (Wei 1996) , and this represents a potential threat to human health. Humans may absorb more PAH-containing particles by inhalation, and skin exposure to these materials may also result in health problems (Sheu et al. 1997) . weiqin xing et al.
The type of land use influences the PAH concentrations and accumulation patterns in soil (Wilcke 2000) . Arable soils often have low concentrations of PAHs because of the dilution effect by plowing (Bierl et al. 1984; Bru¨ne 1986) . Soil disturbance may also help to increase PAH bioavailability, and exposure of the subsoil to sunlight may increase degradation of the pollutants by photolysis. In permanent grassland soil, the accumulation of PAHs may be more significant because of the lack of plowing preventing dilution (Bru¨ne 1986) . Better water conditions are beneficial to the dissipation of PAHs (Labare & Alexander 1995; Doick and Semple 2003) , but this trend is not very obvious in the present study.
Our finding that PAH concentrations in soils under woods and shrubs was much lower than in wasteland and more than that of cultivated dry land soil is different from the results of other studies (Matzner 1984) . Differences in soil PAH distribution among different land use types may be result from the short exposure history of the soil to the emission sources. Most of the small-scale enterprises in the study area appeared after the 1980s. Thus the accumulation of PAHs in soils may be different from that in United States and other countries with a longer history of PAH emissions. In addition, the land use patterns in the study area are constantly changing. For example, some of the so-called wastelands in this study were originally agricultural fields that were degraded by the establishment of factories and they do not show similar PAH accumulation patterns to those in industrialized countries. Changing land use patterns result in emissions of PAHs being dynamic processes that require more detailed study in the long term.
Conclusions
Accumulation of PAHs in topsoils (0-20 cm) was investigated in a valley with 15 smelting furnaces in the Yangtze Delta region in Southeast China. The sum of 16 PAHs concentration ranged from 0 to 530 lg kg )1 , with an average value of 33.2 lg kg )1 , and more than 80% of the sampling sites contained less than 40 lg kg )1 total PAHs. Five-ring PAHs made up the largest proportion of all the PAHs, while 2-and 6-ring PAHs were the lowest. Higher soil concentration of PAHs were found in southern part of the north-south oriented valley and in soils collected near the smelting furnaces. More PAHs were found in uncultivated wasteland soils and soils under woods and shrubs contained less PAHs. The smelting furnaces were the main source of soil PAHs in the valley.
